Gerbera, one of the most loved cut flowers, is (in)famous for the drooping of its flower heads under dehydration. This effect has been quantified by analysing both fully turgescent and wilting peduncles of Gerbera jamesonii 'Nuance'. Wilting peduncles display pronounced bending in the region directly below the inflorescence after 24 h of dehydration, while the rest of the peduncle remains upright. Using anatomical measurements and three-point bending tests, we have analysed whether this phenomenon is caused by mechanical and/or geometrical alterations. We have found that both the flexural rigidity and the axial second moment of area are significantly decreased in the apical part of wilting peduncles, whereas the bending elastic modulus shows no significant change. Moreover, cross-sections of wilting peduncles ovalize significantly more than those of turgescent peduncles and exhibit considerable shrinkage of the parenchyma, taking up the majority of the cross-sectional area. Generally, the drooping of wilting Gerbera flowers can be regarded as a temporary instability of a rod-shaped cellular solid caused by anatomical differences (tissue arrangement, existence or the absence of a pith cavity) and geometrical changes (the decrease of axial second moment of area, cross-sectional ovalization, shrinkage of tissues) between the apical and basal regions of their peduncles.
Introduction
Gerbera cultivars belong to the most loved cut flowers because of their beautiful and colourful inflorescences. However, they are infamous for the drooping of their flower heads at the slightest water deficiency. This has led to the 'incongruous' solution whereby these cut flowers are often sold with a metal wire collar to support their flower heads. We have analysed the mechanical properties and the underlying functional morphology in the cultivar 'Nuance' in order to gain a better understanding of the phenomenon of drooping.
Not only different plant species, but also distinct organs or structures of the same plant species or specimen are widely known to react differently to environmental constraints [1] . This has been shown particularly for drought, which ranks among the most challenging environmental stresses for plants. Here, we present an example demonstrating that various regions even within an inflorescence stalk (=peduncle) react significantly differently to drought. Although taking place at various time scales, the mechanical alterations (i.e. changes in flexural rigidity) of plant organs are always based on changes in their geometry and anatomy and/or on changes of the mechanical properties of the respective tissues and cells [2] , which are known to react differently to water content fluctuations [3] [4] [5] . In the context of the water-dependent flexural rigidity of plant organs, the turgor-dependent hydraulic properties of parenchymatous tissues and collenchyma fibres play a major role [3, 6] . Moreover, the mechanical properties of lignified strengthening tissues vary depending on their moisture content [7] . Since the mechanical properties of plant organs are highly influenced by water-dependent alterations within tissues, we can assume that a variation of the three-dimensional 'bauplan' between or within organs results in variations of mechanical reactions to drought. In Gerbera jamesonii 'Nuance', individual inflorescence stalks possess various 'bauplans' from massive stalk sections close to the inflorescence to hollow stalk sections near the basis. These regions react significantly differently to drought. Therefore, in the present study, our aim has been to clarify whether the decrease of flexural rigidity observed in the apical part of wilting peduncles of G. jamesonii 'Nuance' is caused by (i) mechanical changes, (ii) anatomical differences and/or (iii) geometrical alterations.
Material and methods (a) Plant material
Gerbera jamesonii 'Nuance' plants were cultivated in the greenhouse of the Botanic Garden of the University of Freiburg. Twenty straight inflorescence stalks of approximately the same age and length (34 cm) were sampled (one peduncle per plant) and randomly subdivided into two equally sized groups ('turgescent' versus 'wilting') prior to anatomical and mechanical testing.
(b) Anatomy
The region of interest (ROI) of each inflorescence stalk was defined as the region between the two bending supports that were placed 1.0-12.0 cm below the inflorescence (b.i.) (figure 1) and that enclosed the region known for its bending during dehydration (figure 2h, electronic supplementary material S1). After being mechanically tested, the 11-cm-long ROI was subdivided into 5-mm-long segments. Every second segment was anatomically analysed, beginning with the segment 1.5-2.0 cm b.i. Prior to thin sectioning on a rotary microtome (custom-built, Technical Workshop, Institute of Biology II/III, University of Freiburg, Germany), these samples were fixed in formalin (2%)-acetic acid (5%)-alcohol (63%) (FAA) and embedded in 2-hydroxymethacrylate (Technovit 7100, Kulzer, Wehrheim/Ts, Germany) according to the manufacturer's instructions. To highlight various tissue types, sections with a thickness of 5 µm were stained with toluidine blue (TB), whereby parenchymal and nonlignified cell walls were stained red and lignified cell walls appeared blue. The stained cross-sections were imaged by using an Olympus BX61 microscope (Olympus, Tokyo, Japan) together with a CP71 camera module.
(c) Mechanical tests
The flexural rigidity (EI) of upside-down hanging peduncles was determined under three-point bending under controlled conditions at 6.5 cm b.i. by using a custom-built uniaxial measurement device containing a 1 N force sensor (Burster 8510-5001, Burster Präzisionstechnik GmbH & Co. KG, Gernsbach, Germany) with a data acquisition rate of one value per 0.05 mm deflection (figure 1). Ten 'turgescent' samples were tested immediately after being harvested, whereas the 10 'wilting' peduncles were harvested and stored in dry air for 24 h prior to bending. The temperature and relative humidity under both mechanical testing and 'air-drying' were 23.8 ± 0.1°C and 33.0 ± 3.4%, respectively. Subsequently, EI was calculated from the force-displacement data according to the following equation [8] :
where L is the length of the ROI and b is the slope of the regression line in the linear-elastic regime of the displacement-force diagram. Afterwards, the structural bending elastic modulus (E) was calculated by dividing EI by its axial second moment of area (I) according to the following equation:
where I was determined across all tissue types from digitized anatomical thin sections by using FIJI together with the BoneJ plugin [9, 10] . For each thin section, masks comprising either the plant tissue areas or the surrounding void areas were created manually (cf. [3] ). Afterwards, the resulting section-specific values of I were averaged across the entire ROI. As the original bending direction could not be preserved by this method, E was calculated from both the axial second moment of area of the major (I max ) and the minor axis (I min ). The critical buckling lengths (L max ) and radii (r crit ), as well as the safety factors (s F ) against Euler buckling were calculated according to Speck [11] (see electronic supplementary material, S2 for further details). royalsocietypublishing.org/journal/rsbl Biol. Lett. 15: 20190254 [12] [13] [14] . The normal distribution and homoscedasticity of the variances of the data were tested by using Shapiro Wilk's and Levene's tests, respectively. Depending on the checking of these assumptions, the descriptive statistics are presented as the mean ± standard deviation (s.d.) for parametric data, or as the median and interquartile range (IQR) for non-parametric data. For significance testing, two-sample t-tests or two-sample Wilcoxon tests were used for parametric and non-parametric data, respectively, at a significance level (α) of 5%.
Results
In contrast to upright turgescent inflorescence stalks (RWC = 93%), wilting peduncles (RWC = 61%) were characterized by apical bending with various curvature within the ROI (figure 2a,h; electronic supplementary material S1). In general, the cross-sections of G. jamesonii 'Nuance' peduncles were composed of various tissue types (figure 2b-g, i-n): parenchymatic tissue (red when stained with toluidine blue (TB)) took up the majority of the cross-sectional area, was divided by a ring of vascular bundles and was surrounded by epidermal tissue (both dark blue with TB). Moreover, the apex of the pith cavity varied between peduncles, but was mostly correlated with the vertex of the bent wilting stalk (figure 2). On average, the apex of the pith cavity was located 4.0 ± 1.5 cm b.i. (N = 20) and extended to the basis of the peduncle. In comparison with turgescent stalks, the cross-sections of wilting peduncles both were more elliptical and displayed a higher shrinkage of their parenchymatic tissues ( figure 2b-g, i-n) .
EI was significantly higher in turgescent stalks than in wilting stalks (table 1) . Moreover, neither E calculated from I min nor E calculated from I max differed significantly within the apical region of turgescent and wilting peduncles (table 1) . Instead, the aforementioned differences in EI could be attributed to significant alterations in I (table 1). The s F values of turgescent and wilting apical peduncle regions were 1.42 and 0.95, respectively (electronic supplementary material, S2 and S3).
Contrastingly, the values of EI within the basal regions of turgescent and wilting peduncles did not differ significantly, although the respective values of I again altered significantly (table 1) . Most likely, the significant increase of E between turgescent and wilting peduncles compensates the change in I in the basal regions of the stalks (table 1) . In general, wilting peduncles exhibited a significantly higher ovalization than turgescent stalks (table 1).
Discussion
An adequate availability of water is among the most important prerequisites for the mechanical stability of herbaceous plants [15] [16] [17] [18] . In dry conditions, the RWC of plant organs decreases steadily, resulting in a reduction of the cell and tissue pressures, an effect that ultimately causes an attenuation of their turgor-dependent mechanical properties [3] [4] [5] . For example, well-watered inflorescence stalks of G. jamesonii 'Nuance' are stable and erect. However, a drooping of the upper part of the peduncle can be observed with increasing wilting time (electronic supplementary material, S4). This is attributable to the drought-induced change in EI. Our mechanical analyses have revealed that the decrease in EI within the apical peduncle is not caused by significant changes in the material properties (e.g. decrease of E) but rather to anatomical differences, such as the three-dimensional arrangement of various tissues and the existence or the absence of a pith cavity, and to geometrical alterations, such as a decrease of I at the basal and apical part of the peduncle (electronic supplementary material, figure  S2 ). However, the decrease of I in the basal part of the peduncle was compensated by a simultaneous increase of E, which prevented its decrease in EI at lower RWC values. Geometrical changes can be associated with an increasing ovalization of wilting peduncles and a drought-induced decrease of cellular volumes, whose shrinking intensity is strongly dependent on the respective tissue type. In particular, the parenchyma is known to shrink to a considerably higher extent than that of the lignified vascular tissues. This difference increases the percentage contribution of the latter to the second moment of area of the peduncle and thereby compensates for the Table 1 . Statistical comparison of both mechanical and geometrical parameters of turgescent and wilting peduncles of G. jamesonii 'Nuance'. The table shows both data of the apical (measured in this study) and the basal part of the peduncle (measured within another unpublished study). Both datasets originate from three-point bending tests whose specific test conditions slightly differed. E, structural bending elastic modulus; EI, flexural rigidity; I, axial second moment of area; N, sample size. mechanical effect of turgor loss in the dehydrated parenchyma [4, 5, 19, 20] . Although E does not differ significantly in the apical parts of turgescent and wilting peduncles, we assume that the parenchymatic E markedly decreases because of turgor loss [21, 22] , whereas that of the lignified tissues might increase as a result of drying [7] . Wilting inflorescence stalks bend in direction of I min while drooping. Our results indicate that E of the apical peduncle remains almost constant, despite EI decreasing by 42%. Interestingly, the wilting peduncles were divided into a stiff basal part and a flexible apical part that bent under the load of the inflorescence upon dehydration. This bipolar mechanical stability was further underlined by location-specific differences in the protection against global buckling indicated by a drought-induced decrease of s F , which only fell below the critical threshold in the apical peduncle region. From a mechanical point of view, the observed absence of an apical pith cavity avoids local buckling, a common irreversible failure mode of hollow plant stems, and facilitates the re-erection of the apical peduncle upon rehydration. However, other parameters (e.g. a differential increase in vascular cell wall thickness) may additionally contribute to this phenomenon.
Our data show an increased thickness of the ring of (stiffening) vascular bundles in the basal peduncle region, which is already visible in the lower-most sections of the wiltingsensitive apical peduncle (figure 2). Additionally, the water reservoirs of the basal peduncle parts lacking central parenchyma are smaller compared with the apical sections, favouring the drought-induced moisture loss of the neighbouring lignified tissues. This effect might explain their increase in stiffness during wilting. Thus, the volumetric shrinkage of the existing parenchyma leads to its almost disappearance from the cross-section during wilting; the lignified vascular tissue then becomes solely responsible for the high basal EI [23] [24] [25] [26] . By contrast, the shrinking parenchyma markedly influences the overall mechanical properties of the apical peduncle, since its proportion of the cross-sectional area is significantly larger in the absence of a pith cavity.
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